A method of processing X-ray small-angle data for a three-phase system, based on the hypothesis formulated by Goodisman, Brumberger & Cupelo [J. Appl. Cryst. (1981), 14, 305-308] has been extended to the determination of the polydispersity of one phase. For supported metal catalysts, the characterization of the metal phase is obtained from its correlation function evaluated from a balanced subtraction between those of the catalyst and of the support, measured in two separate experiments. A fairly good agreement with electron microscopy data is obtained.
I. Introduction
Metallic supported catalysts used in the petrochemical industry are composed of an oxide onto which a small amount of transition metal is deposited. The geometrical characterization of this metallic phase has made considerable progress, in the last years, with high-resolution electron microscopy. More recently, with scanning microscopes (STEM), one is also able to obtain some information on the distribution of the metal at the surface of the oxide.
However, even with these instruments, the histograms suffer from a serious lack of accuracy in the range 5-15 ,~. Several years ago we proposed the use of small-angle X-ray scattering to obtain this information (Renouprez & Imelik, 1973; Renouprez, Hoang-Van & Compagnon, 1974) . The method is based on the determination of the scattering curve due to the metal phase by eliminating the scattering of the microvoids in the oxide. The method is, however, tedious as a 'pore maskant' must be introduced in the catalyst. More recently, Goodisman, Brumberger & Cupelo (1981) (GBC) have given a different analysis of the scattering curves and, on the basis of a certain hypothesis, they were able to obtain numerical values for the specific surfaces between metal and support and metal and vacuum, $3, and $32. These parameters were derived from only two separate experiments on *On leave from Institut Franqais du P6trole, Rueil Malmaison, Villeurbanne, France.
"lCorrespondence to this author. the catalyst and the support, with assumptions (1) that the metal partially fills the pores of phase 2; and (2) it forms patches at the surface of the oxide. $3~ is then just proportional to Sz~ and to the concentration of phase 3. More recently, Brumberger & Goodisman (1983) have used the new concept of Voronoi cells to evaluate all three S,.j from a single experiment on the catalyst. A comparison of such results with a rigorous procedure based on three separate experiments, two X-ray and one neutron measurements, for example, would be interesting. However, in many cases, we are interested in a geometrical description of the metal phase and its modifications during chemical processes. We here show that the simple assumptions of GBC can yield the polydispersity of the metal phase.
II. Theory
The three phases have electron densities nx, n2, n3 and volume fractions ~p~, q9 z and ~03.
The non-conditional probabilities Pij for a vector r to have its ends in phases i and j are related by E Pij : (Pi. J To evaluate the granulometry of phase 3 (the metal), we should determine its normalized correlation function, ?(r), which, as in the case of a single particle, is only related to the geometry of phase 3. It is well known (Porod, 1982) that the probability of finding the extremity of a vector r in phase 3, if the origin is in phase 3, is: ¢Pz + (1 -¢p3)~(r); if the origin is not fixed, it becomes P33(r) = (p3 [(,03 -4-(1 --tps)'/(r)]. Since, when r increases from zero to infinity, P33(r) decreases from q~3 to q~2, ~/(r) is:
Following GBC, the correlation function 7(0 of the system is calculated from the Pi;: 
One should now introduce P(33)3(r) and evaluate P~231 ) as a function of y(2)(r), the correlation function for a twophase system. Goodisman & Brumberger (1971) have shown that p(221 ) can be expressed as a function of y(2)(r), the correlation function of the two-phase system:
(4) Now, with the simple assumption that part of the void phase is replaced by metal (GBC),
and P(22, ) = P(2 3) + p(331 ).
They then introduced a second assumption which implies that in both the two-and three-phase systems, P2x remains proportional to q)2:
and, taking into account (5) and (6),
From (4) and (7),
Since P33 + P31 + P32 = q03,
we can introduce (8), (9) and (lO) into (3) to obtain P33(r):
for the case where n 2 = 0. y(2)(r) and ),(3)(r) are computed directly from two experiments on the support and on the catalyst. Now there is some evidence from electron micrographs on many catalyst supports that they do not have a true microporous structure. Indeed, the voids of phase 2 are more like interparticular cavities, with diameters close to those of the grains, than micropores which would inhibit the free diffusion of chemical reagents and reduce the catalytic activity.
Then, instead of assumption (7), we could assume that phases (1) and (2) are geometrically similar, hence P3,/P32 = ~0(13'/q)(23).
(7')
Keeping (4) and (5) and using (7'), we obtain from (3) a different formulation for P33(r):
With the normalization relation given above, ~(r) is ~(r) = [P33(r) -~0~]/q)3(1 -~o3). It decreases from 1 to zero as r increases from zero to infinity. When the correlation function 7o(r) of a single particle is known, Brusset & Donati (1969) have shown that ~(r) and yo(r) are related:
r where F(D) is the particle-diameter distribution. For spherical particles, yo(r) has the well known analytical expression Yo(r) = 1 -3r/D + l(r/D)3 for r < D.
It was shown (Donati, Pascal & Renouprez, 1967; Brusset, Donati & Pascal, 1967 ) that the analytical inversion of (12) leads to the volume-weighted distribution of the diameters:
III. Application

III.l. Treatment of the scattering curves
The small-angle scattering experiments were performed with a goniometer equipped with a Johannson quartz monochromator; Mo Ks radiation is used (Renouprez, Bottazzi, Weigel & Imelik, 1965 ). The collimation system is of the infinite slit type. It is known that desmcaring the data is not necessary, as y(r) can be computed directly (Brusset & Donati, 1969) . If Io(s) is the intensity distribution of the direct beam and It(s) the transmitted intensity, q(t), the projection of ~,(r) on the observation plane can be expressed directly as a function of the one-dimensional Fourier transform of I: We must therefore be able to evaluate this residue. Perret & Ruland (1977) is observed. This is the case for porous alumina where the pore diameter is smaller than 100 ,~, so lc is small. Furthermore, a is minimized by using the Mo K~ wavelength and a thickness, t, of the sample of the order of 20 mg cm -1. The evaluation of I'o(S) was therefore rather easy. A simple smoothing procedure is then applied to q(t), using fourth-degree polynomials fitted by a least-squares procedure to seven points; the derivatives are obtained from the coefficients of the polynomial. This procedure strongly attenuates oscillations.
III.2. Distribution of particle diameter in a reforming catalyst
Two Pt/alumina samples with different metal concentrations and dispersion were examined with X-rays. Unlike in previous experiments (Renouprez, Hoang Van & Compagnon, 1974) , the samples can be treated and kept under controlled atmosphere during the experiment. For this purpose, the sample holder is an oven where the temperature can reach 800 K and into which hydrogen (for reduction of the catalyst) or helium, in the case of the support, is allowed to flow. In such a way, the metal is perfectly reduced and the support is free from water. Electron microscopy measurements were performed with a JEM 100B Jeol instrument, using the replica or the direct technique.
A first experiment is performed on the carefully dehydrated support which leads to 7(2)(r); an experiment with the reduced catalyst gives 7(3)(r). P33(r) is thus determined from ), (z~ and 7 (3) .
Sample I is a highly dispersed industrial catalyst containing 1.45% platinum on 180 mg-1 7-alumina. The area derived from 7(z)'(0) is 165 mg-1, which is in good agreement with the BET value. Fig. l(a) shows the pore distribution obtained from 7(2)(r) which can be compared in (b) with the distribution of heterogeneities evaluated directly from 7(3)(r) measured on the catalyst. Curve (b) shows one maximum around 10 .~ corresponding to metal particles and a broad distribution from 40 to 120 A very similar to the distribution of curve (a). Now, when the Fv(D) distribution is computed from P33(r) starting from (11), one observes in Fig. 2(a) that the pore distribution is nearly suppressed. The particle-diameter distribution agrees fairly well with the electron microscopy rcsults, represented in Fig. 2(b) . Small bumps at 30 and 60 A are, however, still present on the X-ray curve. They correspond to a very small number of particles since the volume-weighted distribution emphazises the large D values.
Sample II was prepared in order to obtain larger metal particles close in size to the pore diameter; the carrier is a 130 m z g-1 alumina and the amount of metal is 4.5%. The pore spectrum shown in Fig. l(c) is similar to that of the first carrier but the pore volume is 50% smaller. Fig. 3 shows ^p(Z)(r), 7(3)(r) and ~(r) derived from 7 (z) and 7 TM by means of (11). As expected, ~(r) decreases more rapidly than ~,~z) or 7 (3). We have represented in Fig. 4 the distribution curves obtained from ~(r) by means of (11)(a) and (11' which can be compared with electron microscopy measurements (b). In the present case, the second model, corresponding to (11'), seems to agree slightly better with the EM determination.
IV. Discussion and conclusions
The basic assumptions on which (11) and (11') are based are justified, since the distribution curves obtained from P3a(r) or from electron microscopy observations are comparable for very small particles. However, the peak position of the X-ray distribution is slightly shifted towards small diameters. Two different explanations can be found for this anomaly. (11) and (11'); (b) electron microscopy distribution.
well-reduced catalysts, whilst the EM observations are done on samples which have been in contact with air. It is known from EXAFS studies (Renouprez, Fouilloux & Moraweck, 1980 ) that very small platinum clusters undergo rapid oxidation when exposed to oxygen at 300 K. Thus, the smallest particles may form a liquid-like layer at the surface of alumina and attenuation of the contrast may prevent their observation.
(II) A more systematic cause of error could also be the basic assumption of spherical particles. Recent studies (Dexpert, Freund, Lesage & Lynch, 1982) have shown that this is not always the case. Flat particles of Pd and Pt have been detected in epitaxy with ),-alumina platelets. In such a situation, the F(D) curve would reflect the distribution of the small dimensions. On the contrary, EM would favour the large diameters, parallel to the observation plane.
In any case, this problem of shape determination remains a difficulty: a possible solution could be the analysis of the chord-length distribution function, which has been computed for several models, such as ellipsoids, cylinders, platelets etc.
One should also observe that anisotropy would also modify the relative values of the Sij area of contact between the three phases. In particular, one would expect a considerable increase in $13, the area between support and metal, than the figures found by Brumberger & Goodisman (1983) in their recent studies. Indeed, the isotropic model has led to ratio of the order of 1/5 for 513/$23 whilst it could reach 1/2 with flat particles.
